Numerical assessment of the penetroviscometer approach for large, rapid
  and transient shear deformations by Fakhari, Ahmad & Galindo-Rosales, Francisco J.
ar
X
iv
:2
00
7.
13
61
9v
1 
 [p
hy
sic
s.f
lu-
dy
n]
  2
7 J
ul 
20
20
Numerical assessment of the penetroviscometer
approach for large, rapid and transient shear
deformations
Ahmad Fakharia,b, Francisco J. Galindo-Rosalesc,1
aCEFT, Departamento de Engenharia Mecaˆnica, Faculdade de Engenharia da Universidade
do Porto, Rua Dr. Roberto Frias s/n, 4200-465, Porto, Portugal
bIPC, Departamento de Engenharia de Pol´ımeros, Universidade do Minho, Campus de
Azure´m, 4800-058 Guimara˜es, Portugal
cCEFT, Departamento de Engenharia Qu´ımica, Faculdade de Engenharia da Universidade
do Porto, Rua Dr. Roberto Frias s/n, 4200-465, Porto, Portugal
Abstract
The rheological characterisation of complex fluids is mostly performed under
simple shear flow in rotational rheometers. Their modern commercial versions
are extremely sensitive instruments which are able to provide very accurate
measurements of low values of different material functions, such as viscosity,
viscoelastic moduli, etc., under certain ideal flow conditions. Nevertheless, they
fail in providing reliable data when characterising the response of complex fluids
at short time scales, due to artefacts induced by either instrument or fluid iner-
tia. This is crucial in the analysis of the rheological properties of new formula-
tions of shear thickening fluids specifically developed for protective applications,
in which the performance is extremely linked to the time dependent structural
changes provoked by the sudden impact loads. Thus, the necessity of providing
a reliable experimental tool able to impose large, rapid, transient shear defor-
mation for their rheological characterisation in conditions similar to those of
the applications becomes evident. This numerical study aims at assessing the
potential use of the penetroviscometer for the measurement of the transient
shear viscosity of complex fluids at short time scales beyond the current limits
of commercial rotational rheometers.
Keywords: Rheometry, Sliding cylinder rheometer, Fluid-Structure
Interaction, Penetroviscometer, Shear Thickening Fluids
1. Introduction
Rheology is a field of science dedicated to study the deformation and flow
of matter, according to the etymological definition of the word coined by Prof.
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Bingham in 1920 [1]. Rheometry is dedicated to determine experimentally the
rheological properties of complex fluids under well defined and simple flow con-
ditions [2]. These standard flows allow sharing and comparing rheological data
either for quality control of new formulations, getting insights of the internal
structure of the material by comparing with data in the literature or validating
constitutive equations[3]. Simple shear and extensional flows are complementary
standard flow conditions typically considered for the characterisation of a com-
plex fluid, once any complex flow can be split up into components of shear and
extensional flows[4]. The scientific instrument that allow imposing controlled
flow conditions and measure the response of the fluid is named as rheometer.
Simple shear flow conditions, which only has one non-zero component of the
strain rate tensor [5], can be achieved experimentally with relative ease either
by imposing a pressure difference in a close channel/pipe (pressure driven flow)
or by imposing a relative velocity between two solid surfaces (drag flow)[6]; and
for this reason shear rheometry was developed earlier than extensional rheom-
etry [7, 8]. Pressure driven rheometers are very useful for determining the
viscosity of high viscous materials, nevertheless the lack of homogeneity in the
deformation is something that prevents their use for the characterisation of time
dependent behaviours[9]. Moreover, rheometers based on drag flows, and partic-
ularly the rotational rheometers, are much more versatile because they allow to
impose different flow kinematics while preserving the homogeneous deformation
in the fluid sample and, consequently, providing as a result many different ma-
terials functions, and that is the reason their dominant presence in any rheology
laboratory worldwide.
Rotational rheometers are equipped with a set of geometries, typically plate-
plate, cone-plate and concentric cylinders, having each of them several key fea-
tures that make them ideal for different kind of fluids and different flow condi-
tions. Concentric cylinders are adequate for low shear rates and low viscosity
fluids, while cone-plate allows homogeneous shear rate through out all the vol-
ume sample, and plate-plate allows to use different gaps and reach very high
shear rate values [10, 11]. All of them allow reaching reliable flow viscosity
curves under steady shear flow. These steady shear viscosity curves are ob-
tained by shearing the fluid sample at different shear rates until steady state
shear stress response is recorded, or vice versa. This is the typical curve, which
demonstrates the viscosity as a function of shear rate η = f (γ˙), used for char-
acterising any complex fluid and fitting the corresponding Generalised Newto-
nian Fluid (GNF) model, e.g. Carreau, Cross, Bingham, etc. [3], that will be
later on used in numerical studies. Despite this is a correct methodology for
characterising complex fluids and predicting their flow behaviour under steady
flow conditions, it may produce misleading results when used for predicting the
transient response of these fluids. GNF models assume that there is no time
delay between the applied shear rate and the change in the viscosity of the
fluid; nevertheless, most of complex fluids from colloidal suspensions to poly-
mer solutions shows memory effects, exhibiting a change in the viscosity that
is not synchronised with the application of the shear rate. In other words, they
exhibit a viscoelastic response, where the elastic component is represented by
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the response in phase with the deformation (G′) and the viscous component
is given by the response in phase with the rate of deformation (G′′). This is
very relevant in the case of shear thickening fluids (STFs), which are typically
used in shock absorbing applications where the flow conditions are intrinsically
transient [12, 13, 14]. Despite STFs exhibit both viscoelastic moduli (G′ and
G′′)[15], they are typically characterised under steady shear flow conditions and
their viscosity is the key parameter used for designing shock absorbing devices
[16, 17, 18]. It is hard to correlate the mechanical response of the shock ab-
sorbers in very short time scales with the rheological information obtained under
steady flow conditions, even more when it has been widely reported that STFs
cannot instantaneously change their rheological properties from liquid like to
solid like due to its viscoelastic nature. The paradigm is currently changing and
new studies are published reporting that the characterisation of STFs for im-
proving the mechanical properties of composites should be done in terms of the
instantaneous viscosity instead of the steady state viscosity [19]. However, the
problem is to determine how instantaneous is instantaneous viscosity measured
of a STF in a rotational rheometer.
In rotational rheometers, there are two major limitations when characterising
the mechanical response of complex fluids at short time scales, which are the
instrument inertia and fluid inertia. In the seminal book chapter by Ewoldt et al.
[20], it is clearly stated that instrument inertia limits the maximum frequency at
which a rotational rheometers can provide reliable data (ω <
√
GFγ
IFτ
), being G
either G′ or G′′, and IFτFγ the instrument inertia associated to the measurement
geometry); they also clearly expose that instrument inertia affects the minimum
acquisition time to provide reliable data in step tests due to the instrument
acceleration at short-time scale (t >
√
2 η
+FτI
Fγ
, where η+ is the transient shear
viscosity[21]). Additionally, one has to consider the fluid inertia associated to
the secondary flows, due to curved streamlines and high velocities; as well as the
presence of a wave propagating through the volume sample as a result of either
viscous momentum diffusion or elastic shear waves or both, which wavelength l
should be much greater than the geometry gap D in order to avoid this artifact
(l ≫ D). Thus, it becomes evident that conventional rheometers have the
disadvantage of being too massive, resulting in inertial problems and limiting
their range of operation to relatively low frequencies. New approaches would be
required to determine the instantaneous viscosity.
The sliding plates rheometers, conversely to rotational rheometers, have been
reported to be a successful approach for characterising shear thinning fluids
under “large, rapid, transient shear deformations” [9, 22, 23] allowing to reach
high frequencies when scaling down in the gap size (sliding microrheometers)
[24, 25, 26]. Thanks to plane Couette flow conditions, it is also possible to
perform simultaneously non-mechanical measurements, i.e. neutron scattering
analysis. However, not everything is perfect on slide rheometry, and wall-slip
issues may arise[27]. Despite the slide rheometry looks like a good approach for
fast transient measurements, to the best of authors knowledge it has never been
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used for characterising shear thickening samples at short time scales, probably
due to problems related with keeping the gap size constant, overloading issues
of the transducer, shear fracture or even wall-slip [9].
The approach in the sliding cylinders rheometer is similar to the sliding
plate rheometer, but it prevents the edge effects and bearing friction issues.
The former shares the same principle with the falling rod viscometer [9], which
is considered a precise method for measuring the absolute viscosity of Newtonian
fluids ranging from 10−3 to 107 Pa·s [28]. In both cases, when the relative gap
between the cylinders is very small, there is no need to know the constitutive
equation of the fluid to calculate the shear strain and shear rate, as in the sliding
plates rheometer[9].
In 1948, Bikerman [29] proposed the penetroviscometer as a new viscometer
for determining the viscosity of Newtonian fluids with a viscosity between 100
and 100, 000 Pa·s under steady state conditions with a remarkable error below
3.5%. The configuration is similar to the falling rod viscometer in the sense that
the fluid is contained between two coaxial cylinder, being the outer one fixed
and the inner one movable; but they are different because the area of contact be-
tween the liquid and the inner cylinder is not constant in the penetroviscometer.
Besides, another difference is that in the viscosimeter proposed by Bikerman,
when the inner cylinder moves downward, the fluid is forced to flow upward
through the annular gap between the two cylinders. Bikerman’s analysis was
done for measurements on steady state and to the best of authors knowledge it
has never been assessed for the measurement of the transient shear viscosity of
complex fluids at large, rapid, transient shear deformations. From the exper-
imental point of view, it would be extremely easy to convert a standard drop
weight impact machine into a penetroviscometer, just by recording the position
of the tip of the inner cylinder with time and measuring the force by means
of a piezoelectric force transducer located at the shaft of the inner cylinder.
In this way, deformation and the stresses in the fluid will be decoupled, as in
a separated motor-transducer instruments, helping in avoiding the instrument
inertia effect [20].
In this work, we perform a numerical analysis on the usefulness of the
penetroviscometer-like viscometer for measuring transient viscosities of com-
plex fluids under large, rapid, transient shear deformations. Our attention is
given to fluids with a viscosity ranging from 10−3 to 103 Pa·s and we analyze
different potential experimental conditions, such as the ratio between the radius
of the concentric cylinders, the velocity of the inner cylinder (in case it was a
control parameter experimentally) and the initial position of the inner cylinder’s
tip.
2. Materials and methods
2.1. Geometry and initial conditions
The geometry consists of a stationary cylindrical reservoir with an inner di-
ameter D, and a sliding cylinder (inner cylinder) coaxial with the reservoir and
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Figure 1: Sketch of the penetroviscometer. The volume of the reservoir filled with blue
represents the air, while the red color represents the liquid to be tested. The reference of the
coordinate system is located at the interface of the liquid before the impact.
with a smaller diameter (d), which moves inside it in the direction of the gravity
(g). The origin of the coordinate system is located at the axis of the cylinders
and at the same height as the interface between the two fluids before the ex-
periment starts. A sketch of the geometry is shown in Fig. 1. Three different
geometries are considered for this study, based on three different blockage ratios
(BR=d/D = 1/1.5, 1/3 and 1/6).
At time t = 0, it is considered that the tip of the inner cylinder is submerged
in the liquid a distance z0, being z0 = 0, d, 2d, 16d. Its initial velocity is
1.2 m/s, which is a typical velocity value for drop weight impact machines.
Additionally, both fluids are considered to be at rest and the height of the
liquid is h0.
2.2. Governing equations
The governing equations are the mass conservation equation (Eq. 1):
∂ρ
∂t
+∇ · ρU = 0, (1)
and the momentum conservation equation (Eq. 2):
∂ (ρU)
∂t
+∇ · (ρUU) = −∇P +∇ · τ + ρg + fs, (2)
where U is the velocity vector shared between the two fluids in the entire domain,
P is the pressure, τ = 2µS−2µ (∇ · U) I/3 is the deviatoric viscous stress tensor,
S = 1/2
[
∇U + (∇U)
T
]
is the strain rate tensor, I is the unity matrix.
The interface liquid-air will be treated by considering the volume of fluid
(VOF), which is a powerful method to approximate free boundaries in finite-
difference numerical simulations. It was proposed by Hirt and Nichols [30] and
it uses a scalar function (α), called volume fraction, to define if the region is
occupied by the liquid (α = 1), empty of that liquid (α = 0) or if it corresponds
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to a free surface (0 < α < 1). Therefore, Eq. 1 and Eq. 2 will be solved in
combination with the transport equation for volume fraction (Eq. 3):
∂α
∂t
+∇ · (Uα) = 0, (3)
in which α varying in the range of 0 ≤ α ≤ 1. The surface tension fs is also
calculated as follows [31]:
fs = σ
(
∇ ·
(
∇α
|∇α|
))
(∇α) , (4)
where σ is the interface coefficient and ∇α = n is the vector normal to the
interface [31]. The fluid properties which are density and dynamic viscosity can
also be obtained at each computational cell using the volume fraction
ρ = αρl + (1− α) ρa, (5)
µ = αµl + (1− α)µa, (6)
here indexes l and a are representative of liquid and air, respectively.
2.3. Boundary conditions
Fig. 2 displays a slice of the computational domain and the boundaries.
No-slip boundary condition with zero velocity at the side and bottom walls of
the reservoir is imposed. At the lateral surface and at the tip of the sliding
cylinder, again no-slip boundary condition, but the velocity is given by v(t).
For the velocity at the outlet pressureInletOutletVelocity is imposed, in
which zero-gradient is applied and the velocity is obtained from the patch-face
normal component of the internal-cell value [32].
Figure 2: A slice of the computational domain and the boundaries which are shown with
differentcolors, BR=1/3 z0 = d.
For pressure, zeroGradient boundary condition is applied at all the bound-
aries except at the outlet, where a total pressure equal to zero is set. For the
mesh motion, the velocity v(t) is given to the sliding cylinder and its tip in
pointMotionUz file, while no-slip boundary condition ( fixedValue uniform (0 0 0) )
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is set at the reservoir. A uniform fixed value equal to zero is also used at the
bottom and outlet.
Three different functions for the velocity have been considered for the sliding
cylinder v(t):
• Constant: v(t) = 1.2 m/s;
• Linear: v(t) = 1.2− 29.09t m/s;
• Parabolic: v(t) = 1.2− 1.84 · 10−4t− 705t2 m/s.
These velocity profile have been considered based on the results of some pre-
liminary experiments [33], where the initial impact velocity was 1.2 m/s and the
time evolution of the impactor’s velocity followed a parabolic deceleration until
it was stop after ∼ 40 ms. The linear velocity profile was defined considering
the same initial velocity and the 40 ms to be stopped (Fig. 3).
t [s]
v(t
) [
m
/s]
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.040
0.2
0.4
0.6
0.8
1
1.2
constant
linear
parabolic
Figure 3: Different velocity profiles v(t) considered for the impactor in the assessment of the
penetroviscosimeter to measure the transient viscosity of the liquid.
2.4. Numerical considerations
OpenFOAM 2.4.0 is used to numerically model the fluid flows between the
two cylinders. Among the OpenFOAM’s solvers, multiphaseInterDyMFoam
is chosen to impose the motion of sliding cylinder (impactor) inside reservoir
applying dynamic mesh and solve the Navier-Stokes equations for a multiphase
flow. This solver applies volume of fluid (VOF) to capture the interface of the
fluids (here air and liquid), as it will be briefly discussed in the following section.
The multiphaseInterDyMFoam solver was employed to handle dynamic
mesh for solving Navier Stokes equations of two phases flow consisting of air
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Table 1: Computational domain length consist of the length of the sliding cylinder at t = 0 s
and the length downstream of the impactor, number of grids in stream-wise and the ratio of
the smallest to the largest cell (Rc) for the cases with z0 = 0 and z0 6= 0.
Impactor’s velocity Limpactort0 Ldownstream
[cells, Rc] [cells, Rc]
constant (z0 = 0) 10d[320,0.8] 16.4d[80,0.05]
linear (z0 = 0) 5d[160,0.8] 16.4d[80,0.05]
parabolic (z0 = 0) 6.7d[213,0.8] 16.4d[80,0.05]
parabolic: z0 = d 7.7d[120,0.8] 16.4d[40,0.05]
parabolic: z0 = 2d 8.7d[136,0.8] 16.4d[40,0.05]
parabolic: z0 = 16d 22.7d[320,0.8] 16.4d[40,0.05]
linear (doubled resolution) 5d[320,0.8] 16.4d[160,0.05]
(µ = 1.8375 · 10−6 Pa·s and ρ = 1.225 kg/m3) and the liquid. The simulations
are carried out starting from a very viscous liquid (silicon-1000), continued with
another fluid with a less viscosity (silicon-1), and accomplished with water. The
key properties of the three different liquids are given in Table 2.
Table 2: Physical properties of the working fluids used in this study.
Fluid
Dynamic viscosity Density Surface tension
µ [Pa·s] (ρ [kg/m3]) (σ [mN/m])
Silicon-1000 1000 970 35
Silicon-1 0.970 970 35
Water 0.000997 997 70
Cylindrical polar coordinates are considered (r, z, θ). The structured mesh
is generated using blockMesh utility. The cross-section of the sliding cylinder is
created and meshed as a combination of a d/2 × d/2 square at the center with
a resolution of 20× 20 cells, and then each side of the square is transformed to
the impactor’s edge by 10 for the cases with BR=1/1.5 and z0 = 0. A coarser
grid is used for the cases with z0 6= 0; the same square size (d/2× d/2) covered
by 12× 12 cells and the area between the square and the inner cylinder’s edge
is covered by 6 cells for the case with BR=1/1.5. The grid spacing size is kept
the same for the other two blockage ratios. Fig. 4 shows some details of the
numerical domain and Table 1 provides the domain length, number of cells in
stream-wise (z) direction, and the ratio of the smallest to the largest cells.
While the grid is uniform in the radial direction, a constant stretch ratio
is applied in the stream-wise direction (z) to have highest resolution at the
impactor’s tip, where there is air/liquid interface for z0 = 0. The simulations
are carried out using a fixed time step ∆t = 1.375 µs, with the simulation time
equal to 41 ms. Euler time integration is applied and the data is printed every
1.375 ms. Gauss linear discretization scheme is used for the derivatives, except
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∇ · (Uα), for which Van Leer divergence scheme is employed.
(a) Mesh corresponding to the fluid
domain at the interface liquid-air.
(b) Mesh corresponding to the fluid
domain at the bottom of the reservoir.
(c) Mesh corresponding
to the sliding cyliner’s
tip.
(d) A longitudinal cut view of a the domain including the
sliding cylinder.
(e) Side view of the mesh used for the reservoir.
Figure 4: Computational domain and mesh for the case in which BR=1/3 and z0 = 0.
3. Results and discussion
3.1. Analysis of the forces
Let’s consider that a motor would be controlling the movement of the inner
cylinder and the response of the fluid would be measured experimentally by
means of a piezo-electric 1-component force sensor installed at the inner cylin-
der. That force measured by the sensor (Fs) would be the sum of different
contributions:
Fs = Fp + Fw + Fb, (7)
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fine grid
BR=1/1.5, linear
     silicon-1000
t=0.0206285 s
Figure 5: Velocity profile near the sliding cylinder’s tip for silicon-1000, BR=1/1.5 with linear
imposed velocity to the sliding cylinder; a comparison between the coarse and fine (doubled
resolution) grids at t ∼ 2 ms.
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Figure 6: Contribution of the friction drag to the total force sense by the inner cylinder for
the cases in which z0 = 0, for different blockage ratios and different imposed velocity profiles
to the sliding cylinder.: (a)-(c) silicon-1000, (d)-(f) silicon-1, and (g)-(i) water.
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(a) Water, BR=1/1.5.
(b) Water, BR=1/3.
(c) Water, BR=1/6.
(d) Silicon1000, BR=1/3.
Figure 7: (a) to (c): Water splash when impactor moves in the case of a parabolic velocity
profile for the inner cylinder and for blockage ratios 1/1.5, 1/3 and 1/6 respectively. (d)
Silicon-1000 (z0 = 0) for the case of BR=1/3.
where Fp would be the pressure drag, Fw the friction drag and Fb the buoyancy,
all of them corresponding, obviously, to the inner cylinder. As experimentally
it will be impossible to decouple the contribution of these forces to the total
force measured by the sensor, if it is intended the penetroviscometer to pro-
vide the instantaneous viscosity, then the design should result in friction drags
dominating over the other components, so that Fs ≈ Fw.
Fig. 6 shows the importance of the friction drag (Fw) with regards to the to-
tal force sense by the inner cylinder (Fs; Eq. 7) for the three different fluids, the
three different blockage ratios and the three different imposed velocity profiles
to the sliding cylinder. Despite it cannot be observed, due to the normalisa-
tion, that the values of the friction drag are also lower for the cases with lower
viscosities, it is indeed observed that the friction drag is negligible for viscosity
values of the order of 1 mPa·s, regardless the blockage ratio and the velocity
profile of the cylinder (Figs. 6g-6i). This is supported by Figs. 7a-7c where
the splash produced in the liquid avoid any contact with the lateral surface of
the inner cylinder. Fig. 7d makes evident that an increment in the viscosity of
11
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Figure 8: Normalized force for silicon-1000 and imposed parabolic velocity at different blockage
ratio and different z0 6= 0.
(a)
(b)
(c)
Figure 9: Influence of blockage ratio on the contact between the inner cylinder and the liquid
for the case of using silicon-1000, a parabolic velocity profile and z0=16d: (a) BR=1/1.5, (b)
BR=1/3 and (c) BR=1/6.
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the liquid results in an increase of the contact area of the liquid with the inner
cylinder and, therefore, Fw becomes more relevant. Despite Fw increases with
the viscosity and with smaller blockage ratios, none of the cases shown in Fig. 6
can be considered as useful for calculating the instantaneous viscosity from the
measurement of Fs, since
Fw
Fs
≪ 1 in all cases.
In order to increase the value of Fw, it would be required to start the ex-
periment with the tip of the inner cylinder submerged a distance z0 > 0. Fig.
8 compares the friction and pressure drags for different values of z0 and for the
different blockage ratios, but just for the case of imposing a parabolic profile to
the sliding cylinder and for the silicon-1000. It can be observed that increasing
z0 up to a value of 16d results in a friction drag dominant over the pressure
drag and buoyancy, for small blockage ratios (BR≤1/3). Fig. 9 shows that it
would be preferable to use a BR as small as possible, in order to to minimize the
interaction with the outer wall and assume Fs ≈ Fw. It can also be observed
that, in these later cases, there is a mass added effect when the experiment is
started, which results in an initial peak in the friction force that vanishes after
∼ 1.3 ms.
3.2. Inertial artefacts
When measuring with the penetroviscometer, inertia can interfere in the
measurement of Fw, depending on the viscosity of the fluid sample and the
geometry (i.e. d, D, BR and z0), which may potentially lead to artificial results
for the instantaneous viscosity (Section 3.3). Figures 7a-7c show the problems of
measuring the instantaneous viscosity with the penetroviscometer for water-like
fluids when z0 = 0 at any BR, due to the lack of lateral contact between the
sample and the inner cylinder. Figure 8 showed that increasing the viscosity, the
value of z0 and BR will provide us Fs ≈ Fw; however there is inertia problems
start at t = 0 s due to the added mass effect.
An added mass force is created when the mass of fluid surrounding a body
is suddenly accelerated or decelerated. Unavoidably, additional fluid forces will
act on the surfaces in contact with the fluid and the measurement of Fs will be
affected by these forces. Therefore, it is required to defined when this inertial
artifacts occur and define the range of reliability for the penetroviscometer to
determine the instantaneous viscosity. Therefore, this added mass force will
only appear at the beginning in those cases in which the sliding cylinder is
already submerged in the z0 6= 0, and at the end of the experiment in those
cases in which the velocity profile of the sliding cylinder is not constant. For
the computation of this force, only the volume of the sliding cylinder submerged
into the liquid will be considered, as it is around three order of magnitude denser
than air:
Fa = ma
d
dt
(v (t)− vl (t)) , (8)
where ma = ρl
pid2
4 z (t) is the added mass and represents the equivalent added
mass of the entire flow field about the accelerating/decelerating body, v (t) is the
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velocity of the inner cylinder and vl (t) is the velocity of the liquid surrounding
it. It is also important to remember that z (t) = z0 +
∫ t
0
v (t) dt, and therefore
z0 is an amplifier parameter for the added mass force. Looking at Eq.8 it can
be observed that both, at the very beginning, when vl ≈ 0 and v(t) is at its
maximum, and at the very end of the experiment, when vl is at its maximum
and v(t) ≈ 0, result in |Fa| ≫ Fw.
3.3. Instantaneous viscosity
In order to calculate the instantaneous viscosity η (t), it is just required to
compute the shear stress at the wall of the inner cylinder τw (t), the shear rate
at the wall of the inner cylinder γ˙w (t), and divide one by the other as in Eq. 9:
η (t) =
τw (t)
γ˙w (t)
(9)
Similarly to the calculation made in a rotational rheometer, in the penetro-
viscometer τw (t) is proportional to the force measured by the sensor Fs (t) (Eq.
10):
τw (t) =
Fs (t)
A (t)
=
Fs (t)
[z0 + z (t)]πd
=
Fs (t)[
z0 +
∫ t
0
v (t) dt
]
πd
, (10)
where the constant of proportionality ( 1
[z0+
∫
t
0
v(t)dt]pid
) depends exclusively on
the experimental parameters d, v (t) and z0.
The same philosophy is applied to the shear rate, which will also be a function
of experimental parameters and the imposed velocity to the inner cylinder.
Fig. 10 shows the velocity profile within the fluid between at different time
steps and at different z-positions in contact with the inner cylinder. It can
be observed that the velocity profile is not dependent of the z-position, but
only depends on the radial position r and it follows a quadratic expression
(vf = a
(
r − d2
)2
+ b
(
r − d2
)
+ c). This velocity profile must satisfy the non-slip
condition at both walls: vf
(
r = d2 , t
)
= −v (t) and vf
(
r = D2 , t
)
= 0; moreover,
as the volume (Q) of fluid moved by the tip of the inner cylinder must be
preserved, the following conservative condition must be also satisfied:
Q = v (t)πd2/4 =
∫ D/2
d/2
vf (r) 2πrdr. (11)
In this way the following linear system of equations must be solved out in order
to have the coefficients a, b and c of the velocity profile of the liquid:


(
d
2
)2 d
2 1(
D
2
)2 D
2 1
1
4
[(
D
2
)4
−
(
d
2
)4] 1
3
[(
D
2
)3
−
(
d
2
)3] 1
2
[(
D
2
)2
−
(
d
2
)2]

 ·

ab
c

 =

−v (t)0
v(t)d2
8

 ,
(12)
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(a) t = 2.5 ms (b) t = 5 ms
(c) t = 10 ms (d) t = 20 ms
(e) t = 40 ms
Figure 10: Fluid velocity profile at different z-positions and different instant of time for the
case of using silicon-1000, a parabolic velocity profile, z0 = 16d and BR= 1/6.
which has the following solution:
a (t) = 8v (t)
D2 +Dd− 5d2
(D4 − 2D3d+ 2Dd3 − d4)
, (13)
b (t) = −2v(t)
(
3D2 + 2Dd− 11d2
)
(D − d) (D2 − d2)
, (14)
c (t) = v(t). (15)
15
(a) t = 2.5 ms (b) t = 5 ms
(c) t = 10 ms (d) t = 20 ms
(e) t = 40 ms
Figure 11: Comparison between the analytical and the numerical velocity profiles in the liquid
at different z-positions and for the case of using silicon-1000, a parabolic velocity profile,
z0 = 16d and BR= 1/6. Instant of time t = 5 ms.
These coefficients depend on time (t), but not on the z-position. Fig. 11 com-
pares the numerical and the analytical solution for the velocity profile in the
liquid contained between the two cylinders.
Once the velocity field in the fluid is known ( ~vf = vf (t)~ez), the shear rate
16
tensor can be calculated (Eq. 16).
¯˙γ =
1
2
(
∇ ~vf +∇ ~vf
T
)
=

 0 0
dvf
dr
0 0 0
dvf
dr 0 0

 (16)
Consequently, the shear rate at the wall of the inner cylinder is given by
Eq. 17, which is only a function of the velocity of the inner cylinder and the
dimensions of the concentric cylinders:
γ˙w (t) =
dvf (t)
dr
∣∣∣∣
r=d
2
= b (t) = −
2v(t)
(
3D2 + 2Dd− 11d2
)
(D − d) (D2 − d2)
, (17)
Thus, the instantaneous viscosity is therefore given by Eq. 9, which can be
rewritten as follows:
η (t) = −
τw (t)
γ˙w (t)
=
(D − d)
(
D2 − d2
)
Fs(t)
2v(t) (3D2 + 2Dd− 11d2)
[
z0 +
∫ t
0
v (t) dt
]
πd
(18)
Eq. 18 is also useful for defining the experimental setup for the penetrovis-
cometer, as it contains all the involved experimental variables: d, D, z0, v and
Fs. In this way, for example, one could get an estimation of the order of mag-
nitude of the viscosity; then considering BR∼ 1/6, and defining the velocity of
the inner cylinder, it is possible to determine the range of the force transducer.
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Figure 12: Relative error in the calculation of the viscosity by means of the Eq. 18.
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4. Conclusion and future works
Inspired by the penetroviscometer proposed by Bikerman[29] more than 70
years ago, we have performed a numerical and analytical study to assess the use-
fulness of this kind of devices for measuring the instantaneous viscosity curve
of shear thickening fluids under impact conditions. To do so, we have consid-
ered Newtonian fluids ranging from 10−3 to 103 Pa·s, three different blockage
ratios (BR=1/1.5, BR=1/3 and BR=1/6), three different impact velocity pro-
files (constant, linear and parabolic) and three different initial positions for the
inner cylinder (at the interface air-liquid z0 = 0, and submerged into the fluid
sample at z0 = d, 2d and z0 = 16d). From the experimental point of view, the
fluid sample must be in contact with the lateral area of the inner cylinder in
order to compute the shear stress at the wall, and this is only accomplished for
high viscous fluids (µ ≫ 1 Pa·s). Thus, it is expected to be useful for shear
thickening fluids. Additionally, in order to calculate the instantaneous viscosity,
the shear stress over the lateral area of the inner cylinder must dominate over
the pressure at the tip; then, the results reported in this work recommended to
start the experiments with the inner cylinder submerged into the fluid sample
as much as possible and the gap between the two cylinder should be as large
as possible. Moreover, inertial artefact may be an issue, particularly at the be-
ginning and at the end of the experiment due to added mass effect; therefore,
these experimental data should be discarded. We ended up with an analytical
expression (Eq. 18) that is able to provide the instantaneous viscosity based on
geometric parameters (z0, d and D), the velocity of the inner cylinder (v (t)) and
the measured force (Fs). For the case of silicon-1000, a parabolic profile for the
inner cylinder, z0 = 16d, and BR=1/6, this device using Eq. 18 would be able
to provide the instantaneous viscosity with an accuracy of ≈ 93%. In this sense,
we can consider that these device may provide useful experimental data to help
in the development of impact protective devices and new constitutive models
accounting for the transient behavior of shear thickening fluids. However, in
order to provide reliable data, the non-slip condition must be accomplished.
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